Summary Populus euphratica Oli. is a salt-tolerant species that can cope with up to 450 mM NaCl under hydroponic conditions and can tolerate high accumulations of Na + and Cl -in roots and leaves when grown in 300 mM NaCl. Transcript responses to salt stress and recovery were monitored by microarray hybridization of 315 cDNAs preselected by suppression subtractive hybridization. Transcripts of a heat-shock protein and a hydroxyproline-rich glycoprotein accumulated 1.5 and 3 h, respectively, after adding 300 mM NaCl to the culture medium. Transcripts significantly up-regulated by salt stress included ionic and osmotic homeostasis elements such as magnesium transporter-like protein, syntaxin-like protein, seed imbibition protein and plasma membrane intrinsic protein; metabolism regulators like cytochrome P450, zinc finger protein, cleavage factor and aminotransferase; and the photosynthesisactivating enzyme Rubisco activase and photorespiration-related glycolate oxidase. Several photosynthesis-related transcripts were down-regulated in response to 72 h of salt stress but were up-regulated after long-term recovery (48 h). Sucrose synthase, ABC transporter, calmodulin, Pop3 peptide and aquaporin appeared to be actively involved in the process of plant recovery from salt stress. Several transcripts encoding proteins of unknown function were regulated by salt stress. Selected transcripts exhibiting altered transcript profiles in response to salt stress were also analyzed by real-time quantitative PCR. Transcript analysis during salt stress and recovery of this woody species revealed several genes and corresponding proteins deserving special attention in future studies of salt tolerance in woody species.
Introduction
Salt stress constitutes an increasing agricultural and environmental problem worldwide. Functional genomic studies of plant stress responses, particularly the identification of a core set of stress-related transcripts, are crucial for both tolerant germplasm exploitation and tolerant crop development through genetic manipulation. Plant tolerance to salt is governed by multiple processes including detoxification, osmotic and ionic homeostasis, growth regulation, signal perception, transduction and altered gene expression (Grover et al. 2001 , Zhu 2001 ). Several genes have been identified as functional components in the plant response to salt stress, including those encoding detoxifying enzymes like glutathione peroxidase (Roxas et al. 1997) , Na + /H + antiporter AtNHX1 (Apse et al. 1999) , osmolytes such as glycine-betaine and LEA (late embryogenesis abundant protein) (Xu et al. 1996, Sakamoto and Murata 1998) , flavoprotein AtHAL3 (Espinosa-Ruiz et al. 1999) , signal mediator Ca 2+ /calmodulin-dependent protein phosphatase (Pardo et al. 1998 ) and transcription factor Alfin1 (Bastola et al. 1998) . Several salt-tolerant plants have been created through genetic manipulation of these genes (Apse et al. 1999 , Kasuga et al. 1999 , Zhang et al. 2000 , demonstrating the feasibility and economic potential of this approach. However, only a few salt-tolerant genes have been identified (Grover et al. 2001) , and most of the studied genes originate from a few annual herbaceous plants like Arabidopsis, tobacco, barley and rice, or from yeast. Information on salt-tolerant genes of perennial forest trees is scarce, even though salt tolerance constitutes a major challenge for forestry development in the future.
Populus euphratica Oli., which is the only arborescent species naturally distributed at the limit of barren desert or semibarren desert worldwide, is well known for its tolerance to soil salinity. Despite being a non-halophyte, it can grow in soils containing up to 2.0% salinity and can survive in soils containing up to 5.0% salinity . The genus Populus has a relatively small genome (2n = 1.2 pg), and efficient protocols for in vitro regeneration and transformation have been developed (Bradshaw and Stettler 1993, Gu et al. 1999) . As a result of intensive molecular studies and the increasing number of poplar genes that have been characterized, this species is a good model for research on salt tolerance genes in a woody species.
In this study, we applied a functional genomic approach in combination with suppression subtractive hybridization and the DNA microarray technique to P. euphratica. Our objective was to identify genes with altered transcript accumulation during salt stress and recovery and to characterize their expression profiles.
Materials and methods

Plant material and growth conditions
Populus euphratica plants from an in-vitro-cultured clone were grown on sterilized sand in plastic pots for 2 months. Plants with similar stem length and number of expanded leaves were selected for hydroponic culture according to the method of Hewitt (1966) . The hydroponic culture system was installed in a greenhouse that provided a temperature of 20-25°C and a relative humidity of 50-60%. After 1 month, the plants were subjected to salt treatments.
Salt tolerance assays
To investigate the salt tolerance of P. euphratica plants, 0, 150, 300, 450 or 600 mM NaCl was added to the culture medium. Measurements of plant responses made over short times after a large change in salinity are unsuitable for studying responses of plants growing in saline soils where changes are small and occur slowly (Tester and Davenport 2003) . Therefore, we adopted the following system for imposing salt stress. The 150 mM NaCl stress was applied by transferring the plants from the culture medium containing no NaCl to a medium containing 150 mM NaCl. The 300 mM NaCl stress was applied after the plants had been in 150 mM NaCl for 3 h. The 450 mM NaCl stress was applied after the plants had been in 300 mM NaCl for 24 h. The 600 mM NaCl stress was applied after the plants had been in 450 mM NaCl for 48 h.
The plants were maintained in the saline treatments for 30 days and then harvested, and growth and recovery were evaluated. Plant growth was assessed by measuring stem length of 18 plants per treatment on Days 0, 8, 19 and 30 of the salt treatments. After 30 days of NaCl treatment, the plants were transferred to culture medium lacking NaCl. Plant survival was recorded 15 days after removal of NaCl from the culture medium. Control plants were processed and analyzed as described for the NaCl-treated plants. Populus cathayana Rehder served as a control species.
Electron probe X-ray microanalysis
Plants grown in the presence of 300 mM NaCl for 60 days were used for ionic microanalysis. Plants grown hydroponically in medium lacking NaCl were used as controls. Root segments (0.5 cm in length) taken 0.2 to 0.7 cm from the root tip and leaf segments taken from the middle region of leaves on the middle nodes of shoots were sampled. Sample preparation and electron probe X-ray analysis were carried out according to Fortes and Pais (2001) . A Quest digital microanalysis system (Thermo NORAN, Middleton, WI) was used for qualitative and quantitative analyses of Na + and Cl -and ionic mapping. The beam scanned a sample area of about 147 µm 2 . Each X-ray spectrum from mesophyll cells and root cells was collected for 90 s. At least two spectra were obtained for each sample and 10 samples per treatment were analyzed. The SpectraPlus program Version 1.6.40 (Tracor, Austin, TX) was used to calculate ionic intensity. ImagePlus Version 1.6.40 (Tracor) was used for Na + and Cl -mapping. For mapping, 128 rows and columns were scanned at a dwell time of 500 ms.
RNA preparation
Plants were subjected to NaCl stress by adding NaCl to the culture medium gradually over 3 h to a concentration of 300 mM. Roots and shoots from seven plants were sampled at 0, 0.5, 3, 8, 24 and 72 h. After 72 h, the plants were transferred to culture medium lacking NaCl and roots and shoots from seven plants were sampled 1, 8, 24 and 48 h after removal of NaCl. The sampled roots and shoots were immediately frozen in liquid nitrogen and stored at -80°C. Total RNA was extracted from the sampled roots and shoots as described by Wan and Wilkins (1994) . Extracted RNA was quantified by spectrophotometric analysis at 260 nm and its quality assessed by agarose gel electrophoresis and spectrophotometric analysis (OD 260/280 ).
Suppression subtractive hybridization
Two RNA pools, driver and tester, were created. The driver pool consisted of a 1:1 (w/w) mixture of RNA extracted from root and shoot samples collected at 0 h. The tester pool consisted of equal proportions of 1:1 (w/w) mixtures of RNA extracted from root and shoot samples of NaCl-treated plants collected 24 and 72 h after addition of NaCl to the culture medium. Poly(A)+ RNA was isolated from about 800 µg of tester and driver RNA using a biotinylated oligo(dT) probe (PolyATtract System III and IV, Promega, Madison, WI) following the manufacturer's instructions. We used 5 µl (about 1 µg) of mRNA from tester and driver for cDNA synthesis and suppression subtractive hybridization. The tester cDNA was subtracted twice by the drivers with the Clontech PCR-Select cDNA subtraction kit according to the manufacturer's instructions (Clontech Laboratories, Palo Alto, CA). Subtractive products were subjected to two rounds of PCR (polymerase chain reaction) amplification. Another independent subtraction reaction was then performed and the subtractive products pooled and used in the cloning step.
Cloning of the subtractive hybridization products
The pooled secondary PCR products were purified by precipitation with phenol and chloroform and dissolved in 5 µl of ddH 2 O. After quantification, cDNAs were ligated into pBluescript II KS (+/-) vector (New England Biolabs, Hertfordshire, U.K.) at a cDNA:vector ratio of 50:1. The ligation mix was transformed into E. coli DH5α. Positive colonies were identified by blue/white selection on LB agar medium containing X-gal, IPTG and ampicillin.
Preparation of cDNA microarray
Amplification by PCR (32 cycles at an annealing temperature of 58°C) was done directly with the positive colonies using vector-specific M13 forward and reverse primers to produce poplar-specific gene fragments in a total volume of 100 µl. The cDNA inserts were purified with a MultiScreen-PCR plate (Millipore), resuspended in 1:1 dimethylsulfoxide:water at a final concentration of 0.6 mg ml -1 , and loaded into a 384-well microtiter plate. Amplified cDNA inserts were arrayed on amino-silanized slides (Sigma-Aldrich, Budapest, Hungary) using a MicroGrid total array system spotter (BioRobotics, Cambridge, U.K.) with 16 pins in a 4 × 4 format. The PCR-amplified cDNA clones were spotted in triplicate onto 20 slides. The diameter of each spot was about 250 µm. After printing, DNA was UV cross-linked to the slides (Stratalinker, 700 mJ, Stratagene, La Jolla, CA). Prior to hybridization, the slides were blocked in 1× SSC, 0.2% SDS and 1% BSA for 30 min at 42 °C, rinsed with water and dried.
Generation of microarray probes, sample amplification
Thirty µg of total RNA from each sample was amplified by a linear antisense RNA amplification method as described previously (Puskás et al. 2002b) . Fluorescent labeling was performed as described by Puskás et al. (2002a) .
Array hybridization and post-hybridization processes
Twenty µl of the hybridization mix containing the mixed fluorescent probes (Cy3 labeling for the controls (time zero for salt stress and 72 h salt stress for recovery) and Cy5 for the stressed or recovered samples) was placed on the blocked array under a 24 × 32 mm coverslip. We poured DPX Mountant (Fluka, Germany) around the sides of the coverslip to prevent evaporation. Slides were incubated at 42°C for 20 h in a humid hybridization box. The mountant was then removed and the arrays were washed and dried as described by Kitajka et al. (2002) .
Scanning and data analysis
Each array was scanned with a green laser (532 nm) (for Cy3 labeling) and a red laser (660 nm) (for Cy5 labeling) using a ScanArray Lite (GSI Lumonics, Billerica, MA) scanning confocal fluorescent microscope at 10-µm resolution. Image analysis was performed by ScanAlyze2 software (http://www. microarrays.org/software.html). Each spot was defined by manual positioning of a grid of circles over the image. Analysis of replicate spots and experiments, local background corrections and statistical analysis were performed as described by Kitajka et al. (2002) .
Sequencing and homology analysis
Selected cDNA clones representing up-or down-regulated transcripts during either the stress process or the recovery process were sequenced. Plasmid DNA from selected clones was extracted with the Miniprep kit (Qiagen, Hilden, Germany) and sequenced with the BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) using M13 reverse or M13 forward primers and an ABI PRISM 310 genetic analyzer (Applied Biosystems). Sequencing data were edited with the DNA sequencing analysis software (Version 3.4).
All sequences were used to query the National Center for Biotechnology Information (NCBI) database (http://www. ncbi.nlm.nih.gov/Entrez) using BLASTX or BLASTN (Altschul et al. 1990 ). Clone homology was regarded as unknown if its closest similarity expect was over 0.1.
Quantitative real-time RT-PCR
Relative quantitative reverse transcription-PCR (QRT-PCR) was performed on a RotorGene 2000 instrument (Corbett Research, Sydney, Australia) with gene-specific primers and the Sybr Green protocol (SYBR Green I, Molecular Probes, Eugene, OR) to confirm the gene expression changes observed by using microarrays. Twenty µg of total RNA from each pool was reverse transcribed in the presence of poly(dT) sequences in a total volume of 20 µl. The mixture was diluted with 80 µl of water, and 2 µl of the dilution was used as template in the QRT-PCR. Relative expression ratios were normalized to β-actin. The PCR primers were: β-actin: forward primer, 5′-GCGATTCCGTTGCCCA-3′, reverse primer, 5′-GGATGCC TGCAGCTTCCAT-3′; hsp90: forward primer, 5′-TTCATCA GATGCATTGGACAAAA-3′, reverse primer, 5′-TGCAGCT CTTTCCCAGAGTCTAA-3′; calmodulin: forward primer, 5′-TGCCCAGCAATGCAAATTTA-3′, reverse primer, 5′-AGCAGAAAAGAACTAGCAACGGA-3′; chlorophyll binding protein: forward primer, 5′-TCTGGCATATCTTAACCA AACCC-3′, reverse primer, 5′-CCTCCCCGGACCATACA AG-3′; ABC transporter: forward primer, 5′-GCTGCTCAAA AGAAGGCGG-3′, reverse primer, 5′-GAGGAGGTTGCTAC TGCTTTGC-3′; and sucrose synthase: forward primer, 5′-TCCCTGGATGAAACCGGAC-3′, reverse primer, 5′-TGCC GCTTATGCGTCTGTT-3′.
Statistical analysis
Plant growth and X-ray spectral data were evaluated by analysis of variance (ANOVA). Significant differences between means were determined with the Dunnett's post test. Differences were accepted as statistically significant when P < 0.05.
Results and discussion
Growth response of P. euphratica to salt stress
Plant development in the presence of 0 and 300 mM NaCl and in plants recovering from treatment with 450 mM NaCl is shown in Figure 1 . Growth of plants maintained for 1 month in culture medium containing 150 or 300 mM NaCl was reduced to 32.2 and 3% of the control value, respectively (P < 0.001 for both) (Figure 2 ). The presence of 450 mM NaCl in the culture medium for 30 days inhibited plant growth (Figure 2) (P < 0.0001) and caused salt injury, visible in the lower and middle leaves as a grayish brown coloration and leading to early abscission ( Figure 1C , arrow). Most upper leaves remained alive and green on plants in the 450 mM NaCl treatment. According to Tester and Davenport (2003) , growth inhibition caused by Na + and Cl -is among the most common effects of soil salinity; Na + -specific damage is associated with accumulation of Na + in leaf tissues, resulting in necrosis of older leaves, starting at the tips and margins and working back through the leaf. All plants in the 150 to 450 mM NaCl treatments grew or flushed vigorously again when NaCl was removed from the culture medium (see Figure 1C ), indicating that P. euphratica can cope with salt concentrations as high as 450 mM. Shoots and leaves of plants grown in culture medium containing 600 mM NaCl withered and dried, the roots turned dark brown, and the plants died. Plants in the 600 mM NaCl treatment did not recover when NaCl was removed. In P. cathayana, a salt-intolerant species, salt injury and plant mortality occurred when plants were grown hydroponically in 150 mM NaCl (data not shown). Experiments with potted plants showed that 172 mM NaCl could induce mortality of some poplars including P. robusta, P. berolinensis, P. popularis and Populus cv. I-214 (Fung et al. 1998) . Thus, compared with other Populus species, P. euphratica showed high salt tolerance-up to 450 mM NaCl-and high recovery efficiency.
Electron probe X-ray microanalysis
Ionic map images taken of cross sections of roots and leaves from plants in the 0 and 300 mM NaCl treatments provided information about the distribution of Na + and Cl - (Figure 3 ). The 300 mM NaCl treatment caused considerable accumulation of Na + and Cl -in roots (Figures 3B and 3C) and leaves (Figures 3H and 3I) , indicating that P. euphratica can cope with high internal concentrations of Na + and Cl -. The X-ray spectra also indicated that there were significant increases in Na + and Cl -concentrations in root and mesophyll cells (Figure 4) . In root cells, Na + increased 7.7-fold (P < 0.0001), whereas in mesophyll cells, Na + increased 1.8-fold (P < 0.00139), indicating greater retention of Na + in roots compared with leaves. Chloride ion concentration increased 9.3-fold (P < 0.0001) in roots and 2.5-fold in shoot mesophyll cells (P < 0.0009). Chen et al. (2001) also found increased Na + and Cl -concentrations in roots and leaves of NaCl-stressed P. euphratica. According to Tester and Davenport (2003) , in some plants, especially woody perennials (such as citrus and grapevines), Na + is retained in woody roots and stems, whereas Cl -accumulates in the shoot and is most damaging to the plant.
Identification of up-and down-regulated genes
Microarray-based gene expression profiling has previously been applied to rice and barley to characterize early responses to salt stress (Kawasaki et al. 2001 , Ozturk et al. 2002 . We used a small size DNA-chip constructed from poplar cDNAs selected by suppression subtractive hybridization. Sets of the analyzed genes that exhibited changes in expression during salt stress and recovery are shown in Figures 5 and 6 , respectively. Transcripts exhibiting a 1.9-fold change (above or below 0.9 and -0.9 on a log 2 scale) were considered to be salt stress-responsive. The data in Figure 5 indicate that the suppression subtractive hybridization steps were of low efficiency, because some down-regulated transcripts remained in the cDNA clone bank and the stressed plants were used as tester. Nevertheless, the characterization of transcripts corresponding to 315 cDNA clones may provide important information about some key genes and regulatory pathways involved in salt-stress responses.
Series of up-and down-regulated transcripts and the corresponding proteins, predicted by homology searches, are listed in groups according to their putative involvement in different cellular events in Table 1 . The transcript groups included ionic and osmotic homeostasis elements, photosynthesis-related proteins, metabolic regulators, proteins involved in cell wall modification, oxidative and antioxidative stress proteins, phosphatases and kinases, metabolic enzymes, and ribosomal proteins.
The most important reorganization of transcriptional profiles occurred in plants exposed to salt stress for 24 h (Figure 5) . At this stage, a considerable number of genes were TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 3. Electron probe X-ray microanalysis and mapping of Na + and Cl -distribution in leaf and root tissues of P. euphratica plants grown in the presence of 0 or 300 mM NaCl. Scanning electron micrographs of stressed and non-stressed (control) roots (A, D) and leaves (G, J) were obtained with a JEOL 330A scanning microscope coupled to an energy dispersive X-ray analysis system (Tracor). (A-C) Root section of plant grown in the presence of 300 mM NaCl; (D-F) root section of non-stressed control plant; (G-I) leaf section of plant grown in the presence of 300 mM NaCl; and (J-L) leaf section of non-stressed control plant. Scale bar = 50 µm. either up-regulated or down-regulated, perhaps indicating that adaptation or tolerance to salt stress is a complex process involving rapid up-regulation and down-regulation of sets of genes, many of unknown function. According to Chen et al. (2002) , the response to high salinity involves the coordinated induction of transcription of many genes, thus requiring the activity of specific sets of transcription factors and their binding to specific sequences in the promoter regions of target genes. Analysis of the information derived from microarray studies of salt-tolerant P. euphratica should facilitate identification of specific promoters for control of gene expression in response to high salinity, enabling their inducible overexpression in transgenic plants and potentially increasing plant salt tolerance.
Transcript profiles during NaCl stress and recovery
The up-and down-regulated transcript profiles were clustered into several patterns (cf. Eisen et al. 1998 ). Seven cluster structures were recognized: (1) transcripts up-regulated during the early phase of stress (3-12 h) ( Figure 7D) ; (2) transcripts upregulated during the late phase of stress (24-72 h) ( Figures 7B  and 7C) ; (3) transcripts up-regulated during the late phase of stress (24-72 h) and down-regulated during recovery (Figure 7A) ; (4) transcripts down-regulated during the late phase of stress (72 h) and up-regulated during the late phase of recovery (48 h) ( Figure 7E ); (5) transcripts up-regulated during both stress and recovery ( Figure 7F ); (6) transcripts down-regulated during the early phase of stress (1.5-24 h) and up-regulated during the late phase of stress (72 h) ( Figure 7H) ; and (7) transcripts down-regulated by stress ( Figure 7G ).
Cluster D contained several transcripts corresponding to early up-regulated genes (Figure 7) . Based on the expression and 72 h after 300 mM NaCl was added to the culture medium. The expression ratio (log 2 stress/control), defined as the value of the cDNA signal intensity as determined by microarray analysis, reflects the expression level of a clone. Values correspond to the means of three independent analyses. ratios ( Figure 5 ), the most highly up-regulated of these transcripts corresponded to genes encoding the 90 kDa heat shock protein (Hsp90) and hydroxyproline-rich glycoprotein (HRGP). Transcripts of Hsp90 (Clone 183) and HRGP (Clone 150) accumulated in the stressed tissues shortly after exposure to salt, but were not up-regulated in plants stressed for 72 h, although Hsp90 was up-regulated again during the recovery phase ( Figure 6 ). Quantitative analysis of changes in Hsp90 gene expression by real-time PCR confirmed that induction of Hsp90 occurred shortly after imposition of stress (4.14-and 2.95-fold accumulation at 3 h and 8 h, respectively). Moreover, real-time PCR revealed that Hsp90 up-regulation started 30 min (3.65-fold) after addition of NaCl to the culture medium and was still occurring 24 h (3.14-fold) after imposition of salt stress. During recovery (24 h), an average 3.5-fold induction of Hsp90 was recorded by QRT-PCR. At this time, the gene appeared to be down-regulated in the microarray profile, indicating a discrepancy between the QRT-PCR and microarray profile results. However, differences between microarray profiling and QRT-PCR data often occur, because of the higher specificity of the QRT-PCR technique. In addition, QRT-PCR data reflect the expression of a specific gene, whereas a microarray profile may reveal unspecific hybridization between genes coding for different isoforms of the same protein.
The role of Hsp90 as a molecular chaperone in various organisms including plants is well documented (Queitsch et al. 2002) . Its crucial involvement in the maturation and folding of several protein kinases and nuclear steroid hormone receptors has been extensively studied and its regulatory role in several developmental processes has been confirmed (Kimura et al. 1995 , Buchner 1999 . Recently, the role of Hsp90 in salt-stress tolerance of Saccharomyces cerevisiae via stabilization and regulation of calcineurin has been suggested (Imai and Yahara 2000) . Hydroxyproline-rich glycoprotein is a type of extensin. Extensins constitute the major protein components in cell walls of dicotyledons (Showalter 1993) . Although expression of extensin genes is not constitutive in healthy plants, they are regulated in a tissue-specific or development-specific manner (Showalter 1993) . The transient overexpression of HRGPs has been identified during root maturation (Ahn et al. 1998 ) and in plant tissue and organs subjected to abiotic and biotic stresses such as mechanical wounding, elicitors, fungal infection and viral infection (Showalter 1993) , suggesting that HRGPs are involved in plant defense processes. In addition to Hsp90 and HRGP, other transcripts were up-regulated during the early stage of salt stress (3 h), including those encoding acetyl-CoA acetyltransferase (Clone 12), a key enzyme of fatty acid biosynthesis; tropinone reductase-like protein (Clone 182), a controlling enzyme for tropane alkaloid production; catalytic polypeptide-like protein (Clone 194) , an editing enzyme for apolipoprotein B mRNA; and a transcript of unknown function (Clone 187).
An extended period (8 h) of NaCl treatment resulted in the up-regulation of several transcripts ( Figure 5 ) including glycolate oxidase (Clone 26), a photorespiration-related transcript; metabolic regulators such as cytochrome P450 (Clone 2), zinc finger protein (Clone 70), cleavage factor (Clone 74) and aminotransferase (Clone 188); ionic and osmotic homeostasis elements such as magnesium transporter-like protein (Clone 6), seed imbibition protein (Clone 245), plasma membrane intrinsic protein (Clone 308) and syntaxin-like protein (Clone 46); the photosynthesis-activating enzyme Rubisco activase (Clone 272); and several transcripts of unknown function (Clones 30, 66, 94, 165 and 243) .
Maximum up-regulation of the gene encoding glycolate oxidase (Clone 26) occurred after 72 h of stress (expression ratio of 3.38 determined by microarray analysis oxidase is a peroxisomal, flavine mononucleotide-dependent oxidase that catalyzes the oxidation of α-hydroxy acids to the corresponding α-ketoacids. In green plants, it is involved in photorespiration and in the production of active oxygen species, which are regarded as one of the main causes of damage in stressed plants (Ingram and Bartels 1996) . Plant plasma membrane intrinsic proteins (PIPs) function as channels facilitating the movement of water and osmocompatible solutes such as glycerol (Agre et al. 1998 , Kaldenhoff et al. 1998 . We found significant up-regulation of a gene (Clone 308) encoding PIP2-1 proteins with high homology to PY-PIP2-1 of Pyrus communis L. Transcripts of this gene accumulated in poplar plants during both salt stress and recovery (Figures 5 and 6 ). Another PIP homolog, the aquaporin gene (Clone 305), was also up-regulated during recovery. The regulation of PIPs by salt stress has been reported in other plants. In rice, several water-channel protein genes were up-regulated on Day 7 of salt stress (Kawasaki et al. 2001 (Kirch et al. 2000) . The identified syntaxin-like protein gene shares a close homology with the tobacco syntaxin-related protein (NtSyr1), which is up-regulated by abscisic acid and salt stress (Leyman et al. 2000) . Analyses of transgenic tobacco plants, which overexpress the full-length Nt-Syr1 protein or a truncated fragment (Sp2), suggest a function for this SNARE protein in vesicle trafficking to the plasma membrane and in the establishment of cellular homeostasis (Geelen et al. 2002) . Most identified photosynthesis-related transcripts fall into one cluster ( Figure 7E) . A significantly up-regulated Rubisco activase (Clone 272) was identified at 24 h after imposition of salt stress. Because Rubisco activase mediates maintenance of Rubisco activity (Klimentina et al. 1999) , its up-regulation in response to salt stress can be regarded as a defense function. Other identified photosynthesis-related transcripts showed similar expression patterns-they were down-regulated during the late phase of stress (72 h) and up-regulated during the late phase of recovery (48 h). The modulation of photosynthesis-related transcripts in response to salt stress has been demonstrated previously. For example, saline and hyperosmotic stresses have inhibitory effects on the electron-transfer activity of photosystem I (Allakhverdiev et al. 2000) . In P. euphratica, chlorophyll-binding protein genes (Clones 184, 221, 280) were down-regulated 72 h after salt stress, but after long-term recovery (after 48 h) these genes were highly overexpressed ( Figure 6 ). The down-regulation of chlorophyll-binding protein (Clones 184 and 280) was confirmed by real-time PCR. After 72 h of stress, there was a 2.83-fold repression of chlorophyll-binding protein gene (Clone 280). The reconstruction of photosynthetic metabolism requires intense synthesis of proteins like photosystem I subunit X precursor (Clone 103), Lhcb1*1,3 (Clones 184, 280), and cab 3 (Clone 221). The significant up-regulation of carbonic anhydrase gene (Clone 57) during the recovery phase might also be related to the restoration of chloroplast function (Raven 2001) . Salicylic acid-binding protein 3, a chloroplast carbonic anhydrase, exhibits antioxidant activity and plays a role in the hypersensitive defense response (Slaymaker et al. 2002) . In winter rye, a homolog was differentially expressed during temperature and irradiance stress (Ndong et al. 2001) . Regulation of photosystem genes is likely important for protection of the photosynthetic apparatus during stress and for efficient reactivation of photosynthesis during recovery.
The survival of plants after severe environmental stress largely depends on the efficiency of recovery mechanisms. Among the genes activated during recovery, we found a calmodulin gene (Clone 205). Real-time PCR indicated a 4.28-fold induction of calmodulin transcription after 48 h of recovery (Figure 8 ). In rice, calmodulin transcripts accumulate during the early response to salt stress (Kawasaki et al. 2001 ). Other transcripts up-regulated during recovery included farnsylated protein, which functions in peroxisome biogenesis, and Pop3 peptide, which is involved in cell signaling ( Table 1) .
As part of the complex physiological response to stress, some genes are down-regulated in salt-stressed plants. For example, the ABC transporter (Clone 253) was down-regulated at 8 h after stress imposition and during the early phase of recovery ( Figure 6 ), and this was confirmed by real-time PCR (8 h of stress resulted in 2.64-fold repression). This down-regulation occurred again during recovery with an average 2.83-fold repression (Figure 8) . Martinoia et al. (2002) concluded that plant ABC transporters are multifunctional and are involved in detoxification, chlorophyll biosynthesis and stomatal movement. An ABC transporter gene in barley was down-regulated by drought and salt stress (Ozturk et al. 2002) .
Down-regulation of sucrose synthase genes (Clones 28 and 247) was observed in plants stressed for 24 h and confirmed by real-time PCR (Figure 8) . A 3.73-4.28-fold repression was detected not only during salt stress but also during recovery. Reduced transcript accumulation from the sucrose synthase gene has also been found in rice and barley leaves exposed to salt stress (Kawasaki et al. 2001 , Ozturk et al. 2002 , indicating that patterns of sucrose metabolism change in cells under osmotic stress .
An ethylene response sensor gene (Clone 27) was downregulated 24 h after imposition of salt stress. Repression of this gene has also been observed in barley stressed by salt and drought (Ozturk et al. 2002) . Several genes coding for ribosomal proteins (Clones 11, 16, 24 and 88) were down-regulated by salt stress and up-regulated during recovery (Figure 7G ). The disruption of protein synthesis by elevated concentrations of Na + appears to be an important cause of damage (Tester and Davenport 2003) , and down-regulation of protein synthesis in response to salt stress may account for the decrease in growth of salt-stressed P. euphratica plants. Genes encoding acid phosphatase (Clone 84), nucleotide diphosphate kinase (Clone 80), and U2 snRNP auxiliary factor small subunit (Clone 262) were also down-regulated in NaCl-treated P. euphratica plants. In rice, the nucleotide diphosphate kinase gene is down-regulated by salt stress (Kawasaki et al. 2001) . Ulm et al. (2002) reported that Arabidopsis plants transformed with MAP kinase phosphatase 1 (mkp 1) have increased resistance to salinity.
Clone 29, encoding a high-affinity nitrate transporter component, was down-regulated 3 h after imposition of salt stress, suggesting an effect of salt stress on nitrogen assimilation efficiency. The reduced transcripts of cinnamyol-CoA reductase gene (Clone 288) after 48 h of recovery can be related to growth inhibition accompanied by decreased lignification (cf. Chabannes et al. 2001) . Several transcripts of unknown function were also up-or down-regulated by salt stress. Clones 94, 30, 66, 187 and 165 showed an expression pattern similar to that of the magnesium transporter-like gene, and warrant further investigation.
A limited number of poplar ESTs have been analyzed, and global gene expression profiles monitored under salt stress conditions have been described for several species (Synechocystis PCC6803, Saccharomyces cereviseae, Aspergillus nidulans, Dunaliella salina, M. crystallinum, Orysa sativa L. and Arabidopsis thaliana (L.) Heynh. ). However, our study represents the first attempt at gene profiling of a woody perennial (P. euphratica). We identified a set of up-and down-regulated genes that have previously been characterized as components of various stress-related cellular events in other plant species. We also discovered other salt stress-responsive clones with unknown functions. Transcript analysis should be considered a first step in identifying the key determinants underlying defense mechanisms against abiotic stresses in woody species. The use of a salt-tolerant genotype of P. euphratica may help clarify the kinetics of accumulation of gene products and the structural features of the encoded proteins that play a major role in reduction of salt-induced cellular damage. Until now, attempts to improve plant salt tolerance has been limited to Arabidopsis and Brassica species. For example, overexpression of AtNHX1 increased salinity tolerance in Arabidopsis (Apse et al. 1999) , tomato and Brassica napus L. . Overexpression of AVP1 (native vacuolar H + translocating pyrophosphatase gene) in Arabidopsis resulted in increased salinity tolerance (Gaxiola et al. 2001) . The genes that we have identified in P. euphratica provide insight into how to improve salt tolerance in woody perennials.
